Abstract-Synthetic aperture radar (SAR) data were acquired over Bonanza Creek Experimental Forest (Alaska) in March 1988 under thawed and frozen conditions. For h e stands analyzed, Cband backscatter at 4 2 O -4 5 " lacidence angle was 2.7-6.9 dB smaller under frozen than under thawed conditions for white spruce and balsam poplar, with the largest difference at HV and the smallest at EM polarization. The differences were smaller for a stand of small black spruce. The VV-HH phase differences observed by SAR were = 0" for all the stands. Ground data were used to parameterize the Santa Barbara canopy backscatter model. For the white spruce and balsam poplar stands under thawed conditions, simulations agreed with the SAR data within the calibration uncertainty. The model underestimated the HH, HV, and W backscatter for all five stands under frozen conditions, and for the black spruce stand under thawed conditions. The modeled VV-HH phase differences were close to 0" for all the stands except the black spruce stand. The discrepancies in model predictions of backscatter and phase difkrence were attributed to inadequate surface backscatter modeling. Model results supported the hypothesis that the weaker backscatter from frozen, as compared with thawed stands, was because of the smaller dielectric constant of the frozen trees.
I. INTRODUCTION S PART of U.S. research in support of the European
A Remote Sensing Satellite (ERS-1) mission, the Jet Propulsion Laboratory (JPL) and collaborating research teams are conducting a series of multiseason synthetic aperture radar (SAR) experiments in three forest ecosystems including boreal forest (Bonanza Creek Experimental Forest, Alaska), northern mixed hardwood-conifer forest (Michigan Biological Station, Michigan), and temperate pine forest (Duke Experimental Forest, North Carolina). The major research goals are to improve understanding of the relationships between radar backscatter and phenological and environmental variables, to improve radar models of tree canopy properties, and to develop a radarbased scheme for monitoring forest phenological changes.
In March 1988, JPL airborne SAR data and ground measurements were acquired over the Bonanza Creek Ex-ditions. Observations only days apart of the same boreal forest stands in different physiological states provided an opportunity to test several hypotheses about the relationship between tree dielectric properties and forest backscatter. Way et al. [ 13 showed that the dielectric constant of frozen tree boles was substantially lower than that of thawed trees, and that as a result different physiological states were readily discriminated in SAR imagery. Dobson et al. [2] and McDonald [3] simulated L-band (0.235 m wavelength) backscatter from the stands under thawed and frozen conditions, using the Michigan Microwave Canopy Scattering Model (MIMICS) [4] and stand data acquired from the Bonanza Creek site. They successfully reproduced the observed decrease in forest backscatter at HH, HV, and VV polarizations. For dense white spruce stands under thawed and frozen conditions, MIMICS predictions of HH, HV, and VV backscatter were close to SAR data. The major contribution in HH, HV, and VV backscatter predicted by MIMICS was from white spruce tree crowns. For a black spruce stand under thawed conditions, modeled HH, HV, and VV backscatter agreed with SAR data. However, MIMICS underestimated the HH, HV, and VV backscatter for the black spruce stand under frozen conditions, and for a balsam poplar stand under thawed and frozen conditions.
We have applied the Santa Barbara microwave canopy backscatter model [5]- [7] to simulate the same forest stands at Bonanza Creek in frozen and thawed states. The wide range of canopy closure and density among the Alaska test stands, combined with the large, measured changes in physiological and environmental conditions during the March 1988 AIRSAR campaign, provide an excellent opportunity to test the Santa Barbara model and to compare its behavior to MIMICS. In this paper, we compare model predictions to SAR L-band imagery for five forest stands under frozen and thawed conditions. A systematic comparison of the MIMICS and Santa Barbara models is currently underway and will be reported in a future paper. For each of these major components, a set of subcomponents is defined by the number of attenuating crowns in the paths of the incident and returning radar signals. The backscatter from each subcomponent is weighted by the probability of its occurrence. Incoherent summation of the subcomponent yields the components; incoherent summation of the components result in total backscatter. Thus, the transformation matrix for total backscatter (M,) is:
Formulas for the subcomponents of the four major model components can be found in [6] , [7] . The model inputs include stand parameters, crown constituent parameters, ground surface roughness parameters, dielectric constants, and regression equations for tree height on tree dbh (diameter at breast height), tree crown depth on dbh, and tree crown width on dbh, as well as radar system parameters (wavelength, polarization, and incidence angle). Major model outputs are HH, HV, and VV backscatter, and VV-HH phase difference [5]- [7] . The model is intended for use with discontinuous canopies such as low-to-medium density forest and woodland. In contrast, other forest canopy backscatter models [4] The ERS-1 research team selected 43 stands within BCEF, based on the ground coverage of the ERS-1 SAR, occurrence of the major species, and accessibility. Each of these stands is dominated by one of the major species and covers at least 4 ha. To minimize the effects of topographic relief on the SAR data, most stands were located on flat islands between Tanana River channels [ ll.
A subset of five of these stands was selected for the modeling study, including three white spruce, one black spruce, and one balsam poplar stand. Detailed measurements of forest characteristics have been made by the ERS-1 research team. Data include species composition. trunk dbh, and stand density (Table I) , and crown constituent parameters (Table 11) (Table I) , it is the sparsest of the stands in terms of basal area and crown cover.
Azimuth angle of primary branches, secondary branches, needles, and trunks are assumed to be uniformly distributed over [O", 360"l. Zenith angle distribution of trunks is assumed to be Gaussian with mean 0" (vertical) and one standard deviation of 5 " . For branches, needles, and trunks, the zenith angle and azimuth angle distributions are assumed to be independent of each other.
During the SAR overflights in March 1988, the chang- , we use the term "frozen" to describe the state of the stands on March 19. However, without more information this term must be applied cautiously to describe what appears to have been ice formation in at least the outer xylem layers of the tree trunks. Since no dielectric measurements were made on branches and needles, they ?re assumed to have the same dielectric constants as the trunks, measured by portable dielectric probes (Table  111) . We assume that as the trees changed from thawed conditions (March 13) to frozen (March 19), needles and branches also froze. Although our assumption of frozen needles is questionable, model sensitivity analyses indicate that at L-band modeled backscatter is little affected by needle dielectric constant. This is because spruce needles are much smaller than the L-band wavelength.
V. MODELING RESULTS

A. Ground S u~a c e Backscatter Modeling
During the AIRSAR data acquisition period, the ground surface in the study area was covered by 0. , modeling the shallow snow layer as a halfspace is an oversimplification because it ignores scattering from the soil surface, and the choice of this approach is based on the lack of soil surface roughness measurements. Based on the snow roughness parameters used by [2], [3] (0.12 cm rms height, and 24 cm correlation length), we used the geometric optical model to model the snow surface backscatter.
B. L-Band Model Predictions
Figs. 1 and 2 show modeled L-band backscatter over 20-55" for 5" increments of radar incidence angle (e,)
under thawed and frozen conditions for WS-5, a white spruce stand, and BS-1, a black spruce stand. Fig. 3 shows modeled VV-HH phase difference for the two stands at 
) L-Band Model Prediction of Backscatter:
For WS-5 under thawed conditions, crown volume scattering is the main contributor to the total HH, VV, and HV backscatter at all 0 , (Fig. l(a)-(c) ). The HH backscatter from the trunk-ground term is almost constant as Bo increases, and its contribution to the total backscatter is smaller than crown volume scattering. The crown-ground term contributes slightly to the total HH backscatter ( Fig. l(a) ). The VV trunk-ground backscatter falls off as 8, increases, and reaches its lowest value at e,, = 5 0°, which is the approximate Brewster angle [ 141 at the air-snow interface (Table IV) . At the Brewster angle, the VV reflection is zero [14]; therefore, the trunk-ground term is zero. Beyond the Brewster angle, the trunk-ground backscatter increases ( Fig. I(b) ). Because the white spruce in this stand are large trees, strong HH, VV, and HV backscatter from crown volume scattering is anticipated. Because we model the ground snow as a half-space layer, and the dielectric constant of the snow layer under thawed conditions is low, surface backscatter is small, and the specular reflection from the snow surface is also weak. Thus, even though there are large spruce trees in the stand, the trunk-ground and crown-ground interactions are small.
For WS-5 under frozen conditions, crown volume scattering is dominant in VV and HV backscatter at all 0, (Fig. l(e)-(f) ). For HH backscatter at small 0(,, the trunkground term dominates. At large 8(,, the crown volume scattering and trunk-ground term contribute roughly equally to the total HH backscatter (Fig. l(d) ). Crown volume scattering (HH, VV, and HV) is reduced in the frozen forest because of the smaller dielectric constant of the branches. Because of the reduction of the crown extinction under frozen conditions, the trunk-ground term contributes relatively more to the total HH backscatter ( Fig. l(d) ); cf. Fig. l(a) . Because of the Brewster angle effect at the air-snow interface (Table IV) , low VV backscatter from the trunk-ground term is modeled around 8, = 50" (Fig. l(e) ).
The black spruce stand BS-1 consists of much smaller trees than stand WAS-5, and the dielectric constant is lower for black spruce than for white spruce. As a result, modeled crown volume scattering is low (Fig. 2) , and black spruce crown extinction is small. Thus, the trunkground term dominates the HH backscatter for all 8, under thawed and frozen conditions (Fig. 2(a) and (d) ). For VV backscatter under thawed conditions, the crown volume scattering is dominant, with some contribution from the trunk-ground term (Fig. 2(b) ). When the forest is frozen, both crown volume scattering and crown extinction are reduced, making the trunk-ground term important at steeper incidence angles ( Fig. 2(e) ). The effect of the Brewster angle at the air-ground interface on the trunkground term is also modeled, producing low VV backscatter for 0, = 50" (Fig. 2(b) and (e)). For HV, the smaller crown scattering of BS-1 (Fig. 2(c) and (f) ), as compared to WS-5 (Fig. l(c) and (f) ), results in lower total HV backscatter. Under thawed conditions, crown backscatter dominates HV for BS-1 at all 8, (Fig. 2(c) ); for frozen conditions the trunk-ground term dominates at all 8, (Fig. 2(f) ).
2
) L-Band Model Prediction of W-HH Phase
Difetence: For WS-5 under thawed conditions, the modeled VV-HH phase difference for the trunk-ground term is close to -180" when 8, cr 50", and =O" when 8, = 55" (Fig. 3(a) ). For 20" I 8, I 50", the 8, is not beyond the Brewster angles at the air-snow and air-trunk interfaces; thus, the VV-HH phase difference is close to 180". When 8, = 55" (> 51 " , the Brewster angle at the airsnow interface), the modeled phase difference is J 0".
For the same stand under frozen conditions, for 25 " I 8, I 45", the 8, is not beyond the Brewster angles at the air-snow and air-trunk interfaces, and the VV-HH phase difference is close to 180". When 8, = 20", the local trunk incidence angle is 70" (> the Brewster angle at the airtrunk interface), and the phase difference is = 0". For 8, the modeled phase difference is JO" (Fig. 3(b) ). A VV-HH phase difference near 0" for the stem-ground term at small radar incidence angles has been observed at L-band by Ulaby et al. [ 151 for corn stalks. Because we use a first-order solution for crown volume scattering [5]- [6] , the modeled VV-HH phase difference for this component for WS-5 under both thawed and frozen conditions is =O" (Fig. 3(a) and (b) ).
The modeled VV-HH phase difference of the total backscatter for WS-5 is -0" at all 8, (Fig. 3(a) and (b) ).
We explain as follows. If one scattering component dom- 
'
inates both the HH and VV backscatter, the phase difference of the total backscatter will be approximately equal to the phase difference of the dominant scattering component. When one scattering component dominates HH backscatter, and another dominates VV backscatter, the phase difference of the total backscatter will depend on the relative contributions of the components to the total HH and VV backscatter. When WS-5 is under thawed conditions, HH and VV backscatter both come mainly from crown volume scattering ( Fig. l(a) and (b) ), and total backscatter phase difference should be that of the crown volume scattering, or J O " . When WS-5 is frozen, the HH backscatter is mainly from the trunk-ground term, with an important contribution from the crown volume scattering (Fig. l(d) ). Crown volume scattering dominates the VV backscatter (Fig. l(e) ). Therefore, the relative contribution from crown volume scattering to the total HH and VV backscatter is greater than that from the trunk-ground term. The modeled VV-HH phase difference of the total backscatter is similar to that of the crown volume scattering. As discussed above, the trunk-ground term also has a phase difference of J 0" for 8, = 20" and for 8, 2 50" under frozen conditions. For stand BS-1 under thawed conditions, the trunkground term dominates the HH backscatter ( Fig. 2(a) ). Although crown volume scattering contributes more to the total VV backscatter than the trunk-ground term, the relative contribution to total HH and VV backscatter from the trunk-ground term is greater than that from crown volume scattering. Therefore, the total backscatter phase difference is close to 180" (Fig. 3(c) ). For 8, = 55" (> the Brewster angle at the air-snow interface), both the trunkground term and crown volume scattering have = 0" phase differences. Thus, the phase difference of the total backscatter is = 0". From 8, of 45-55', the phase difference of the total backscatter is in transition from 180" to 0".
The phase difference for BS-1 under frozen conditions follows a similar pattern, except that at 8, I 25" (local trunk incidence angle > 63", the Brewster angle at the air-trunk interface), the phase differences of the trunkground term and total backscatter are JO" (Fig. 3(d) ); cf. Fig. 2(d) and (e).
VI. CHANGES DETECTED BY SAR DATA
At the incidence angles acquired, L-band backscatter is lower under frozen than under thawed conditions ( Table  V) . The ratios between backscatter from thawed and fro- Zen stands are 2 2.2 dB for all the stands, with the largest changes occurring in HV and the smallest in HH (Table  VI) . Taking into account the estimated calibration uncertainty (k 1.9 dB), the change of forest state can be detected with confidence at HH, HV, and VV for all stands except BS-1 (Fig. 4) . The sharp decrease in tree dielectric constant caused by freezing of water in the trees is likely to be the major cause of the observed backscatter reduction, since changes in the snow and ground surface dielectric constants were small compared to changes in the trunk dielectric constant (Table 111 ). For stands with large trees (WS-I, WS-2, WS-5, and BP-2), scattering is primarily from trees, and a change in backscatter should accompany the drop in dielectric constant. Because the dielectric constants of white spruce and balsam poplar changed dramatically on freezing, large ratios between backscatter from thawed and frozen stands were observed (Table VI) . In contrast, the smaller black spruce trees constituting BS-1 may not be the dominant scatterers for that stand. Instead, surface scattering may play a more important role. Because the dielectric constants of snow and soil did not change appreciably between thawed and frozen conditions (Table 111 ), a smaller difference in SAR backscatter (HH and VV) was observed for BS-1 than for the other stands.
VII. COMPARISON OF MODEL RESULTS WITH
SAR DATA The model predicts a decrease in backscatter from thawed to frozen states for all the stands (Tables V and VI). Modeled changes are greatest in HV and smallest in HH, as for the SAR data. For HH, HV, and VV backscatter, the model underestimates the backscatter under frozen conditions for the stands. and thus overestimates the change from thawed to frozen.
Under thawed conditions, modeled HH, HV, and VV backscatter agrees with SAR data for stands WS-1, WS-2, WS-5, and BP-2 within the SAR calibration uncertainty of _+1.9 dB (Table VII) . Under frozen conditions, the model underestimates the HH, H V , and V V backscatter for the four stands, except for the HH backscatter of WS-1. The largest underestimate is in H V , and the smallest in HH. For stand BS-1, under both thawed and frozen conditions, modeled HH, HV, and V V backscatter are much smaller than the SAR data.
The model's underestimates are probably due to deficiencies in surface modeling. Because we use a half-space (snow) model for surface scattering, we ignore scattering from soil under the snow. Since the snow layer is only 0.2-0.3 m deep and its dielectric constant is low under both thawed and frozen conditions, the L-band microwave energy can penetrate the snow and reach the soil surface. Additionally, the soil has a higher dielectric constant than the snow (Table 111) . Thus, scattering from the underlying soil surface may be important, and the (direct) ground backscatter is underestimated by not accounting for backscattering from the soil surface. The modeled HH and VV backscatter for the surface is < -40 dB, and the HV backscatter is zero. We also underestimate specular scattering from the ground surface by not including specular scattering from the soil surface. As a result, the trunkground and crown-ground terms may be underestimated. More ground data are needed to fully test whether the above argument is valid. In the absence of detailed soil surface roughness and snow layer measurements, we can estimate scattering from the ground by adding the backscatter (direct backscatter only, not specular scattering)
from an adjacent open snow area (e, = 43") to the modeled backscatter for the five stands under thawed and frozen conditions. Under thawed conditions, the open snow area backscatter is -18.0 dB at HH, -29.7 dB at HV, and -18.3 dB at VV. Under frozen conditions, the HH, HV, and VV backscatter values for the same snow are -19.5, -32.6, and -19.4 dB. Adding these values to the modeled surface backscatter improves model predictions (Fig. 5) . The greatest improvement is in HH backscatter ( Fig. 5(d)) ; cf. Fig. 5(a) and the least in HV backscatter (Fig. 5(f) ); cf. Fig. 5(c) . These results are consistent with the hypothesis that the half-space snow model underestimates direct ground backscatter. If surface scattering (backscattering and specular scattering) are indeed underestimated, a more appropriate surface backscatter model such as a two-layer model (snow layer on top of soil layer) needs to be considered. Since'it is highly possible that ground conditions of the forest floor differ from those in the open snow area, we cannot confirm this hypothesis without further field measurements.
The VV-HH phase differences observed by SAR are = 0" for all the stands under thawed and frozen conditions (Table VIII) . The modeled VV-HH phase differences are also = 0" for all stands except BS-1. The model predicts a phase difference of -137" for BS-1 under thawed conditions and -96" for BS-1 under frozen conditions. We may attribute the discrepancy in phase differences between the SAR data and the modeled results for BS-1 to inadequate surface backscatter modeling, which appears to underestimate the direct ground surface backscatter (Fig. 5 ) . The underestimate should be larger for the sparse stand BS-1 with small trees, since more ground surface is exposed in this stand than in the denser stands. Because the surface backscatter has a VV-HH phase difference of 0", a surface backscatter model that increases the surface backscatter would likely change the modeled total phase difference for BS-1 to = 0".
VIII. CONCLUDING REMARKS The change of boreal forest trees from thawed to frozen state is readily detected by L-band SAR at incidence angles of 42-45", and can be predicted by the model. For three white spruce stands and one balsam poplar stand under thawed conditions, modeled backscatter agrees with SAR data for HH, HV, and VV backscatter within the SAR calibration uncertainty, but the model underestimates HH, HV, and VV backscatter for these stands under frozen conditions. For one black spruce stand under thawed and frozen conditions, the modeled HH, HV, and VV backscatter values are much smaller than the observed ones. The VV-HH phase differences observed by SAR are = 0" for all the stands. The modeled phase differences are also close to 0" for all the stands except the black spruce stand. For this stand, the model predicts a phase difference of -137" when the stand is thawed, and a phase difference of -96" when the stand is frozen. We attribute the discrepancies in model predictions of backscatter and phase difference to inadequate surface backscatter modeling.
Observed and modeled forest backscatter in L-band at 42-45" incidence angles is affected more by trunk water status (liquid vs. frozen) than by large differences in stand density (1248 trees per hectare for WS-1 vs. 2073 trees per hectare for WS-2) or stand composition (white spruce vs. balsam poplar). The complex behavior of model components €or different forest types and environmental conditions as illustrated in this study cannot be verified by a single radar frequency and incidence angle. Forthcoming spacebome and airborne SAR data, particularly multifrequency, multiangle, and multipolarization data, will help complete the picture. 
